Poor electrocatalytic activity and carbon monoxide (CO) poisoning of the anode in Pt-based catalysts are still two major challenges facing direct methanol fuel cells. Herein, we demonstrate a highly active and stable Pt nanoparticle/Mo 2 C nanotube catalyst for methanol electro-oxidation. Pt nanoparticles were deposited on Mo 2 C nanotubes using a controllable atomic layer deposition (ALD) technique. This catalyst showed much higher catalytic activity for methanol oxidation and superior CO tolerance, when compared with those of the conventional Pt/C and PtRu/C catalysts. The experimental evidence from X-ray absorption near-edge structure spectroscopy and scanning transmission X-ray microscopy clearly support a strong chemical interaction between the Pt nanoparticles and Mo 2 C nanotubes. Our studies show that the existence of Mo 2 C not only minimizes the required Pt usage but also significantly enhances CO tolerance and thus improves their durability. These results provide a promising strategy for the design of highly active next-generation catalysts.
INTRODUCTION
Direct methanol fuel cells have attracted much attention for portable power applications because of their distinctive advantages of highenergy density and the ready availability, inexpensiveness and the safe storage and transportation potential of methanol as a liquid fuel. [1] [2] [3] Despite these advantages, a few technological obstacles remain to be circumvented before commercial applications can be achieved. One main challenge is the poor electrocatalytic activity in the methanol oxidation reaction (MOR); another is the occurrence of serious carbon monoxide (CO) poisoning at the anode of the Pt catalyst. A promising strategy for addressing these challenges is to alloy Pt with other oxophilic elements such as Ru, [4] [5] [6] [7] Mo [8] [9] [10] [11] and Sn. 12 Traditionally, nanoparticles of Pt and its alloys with Ru are selected as the best catalyst owing to their relatively high activity and durability for MOR. However, the high price of Pt and Ru makes them less attractive in practical applications. Alternatively, increasing the activity per unit area and achieving a high dispersion of the active component could markedly increase the catalytic activity and decrease the necessary amount of the expensive component. 13, 14 To this end, atomic layer deposition (ALD) is an attractive technique to deposit such thin films or nanosized catalysts because of its merits of simplicity, reproducibility and conformality. [15] [16] [17] [18] Another effective strategy to improve the catalytic activity of the noble metal-based catalyst is using suitable catalyst promoter. [19] [20] [21] The addition of carbide could lead to a highly promotive effect on noble metal-based electrocatalysts, [22] [23] [24] [25] [26] [27] which has been described as synergistic effects. Recently, Mo 2 C has been used as an anode material for the direct oxidation of hydrocarbons in fuel cells and has shown promising performance. 21, 28, 29 Herein, we show that Pt nanoparticles deposited on Mo 2 C nanotubes using ALD is an efficient and synergistic catalyst for methanol electro-oxidation. Our strategy is to improve the electron transport by means of the metallic property of one-dimensional (1D) Mo 2 C nanotube, alleviate the oxidation of Pt naoparticles by interaction with the Mo 2 C support and provide an OH reservoir for the 1 MOR by controlled formation of molybdenum oxide (MoO x ) layer on the surface of Mo 2 C nanotubes. Remarkably, this Pt/Mo 2 C nanotube catalyst showed much higher catalytic activity for methanol oxidation and superior CO tolerance when compared with that of the conventional Pt/C and PtRu/C catalysts, which is very important for improving their long-term durability and achieving the commercialization of direct methanol fuel cells. Extended X-ray absorption near-edge structure (EXAFS) spectroscopy and scanning transmission X-ray microscopy (STXM) analysis both support a strong chemical interaction between the Pt nanocrystals and Mo 2 C nanotubes. These results show that the existence of Mo 2 C not only minimizes the required Pt usage but also significantly enhances CO tolerance and thus improves durability.
MATERIALS AND METHODS

Materials synthesis
Branched polyaniline/MoO 3 nanostructures were used as precursors to synthesize the hollow Mo 2 C nanorods. A detailed description of this process is provided in our previous work. 30 . In a typical synthesis, 0.15 g of α-MoO 3 nanorods was dispersed in 100 ml of 1 M HCl solution by sonication treatment and then cooled to -5°C while stirring. A measure of 0.3 ml of aniline was dissolved in 100 ml of 1 M HCl and then transferred to a beaker containing a solution of ammonium persulfate (0.5 g) in 100 ml of 1 M HCl. The above mixture was cooled to -5°C, then transferred to the nanorod suspension and kept at the temperature for 24 h while stirring. The final precipitate was washed with distilled water and ethanol, and then dried at 40°C for 24 h. The hollow Mo 2 C nanotubes were obtained by calcining the branched polyaniline/MoO 3 at 850°C for 2 h under 10%H 2 /Ar flow.
ALD deposition of Pt nanoparticles on Mo2C nanotubes
Platinum nanoparticles were deposited on Mo 2 C nanotubes via thermal ALD (LabNano; TMSeries, Beijing, China). The container of Mo 2 C nanotubes was placed inside the reactor directly on the heated stage of the ALD instrument. The deposition temperature was 250°C, while the container for the Pt precursor was kept at 65°C to provide a steady-state flux of MeCpPtMe 3 ((methylcyclopentadienyl)-trimethylplatinum) to the reactor (ca. 400 mTorr at 65°C). Gas lines were held at 150°C to avoid condensation of the precursor. High-purity O 2 (99.999%) was used as the counter-reactant, and high-purity N 2 (99.995%) was used both as a purging gas and carrier gas. In each ALD cycle, a 1 s MeCpPtMe 3 pulse and a 1 s of O 2 pulse were separated by 20 s of N 2 purge. The Pt loading on Mo 2 C nanotubes was thus accurately controlled by the number of ALD cycles.
Characterization
X-ray diffraction analyses were performed on an X'Pert Pro diffractometer with Cu K α radiation (λ = 1.54 Å). High-resolution scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy measurements were carried out on JEOL ARM200F transmission electron microscopy (TEM) operated at 200 kV (JEOL, Peabody, MA, USA). BET surface area and pore volumes were tested using a Quantachrome Instruments NOVA4000 (Boynton Beach, FL, USA) after the samples were vacuum dried at 300°C over 5 h. The Pt loading of the catalysts was analyzed using induced coupled plasma optical emission spectroscopy (Thermo Electron Corporation, Waltham, MA, USA).
Electrochemical measurements
For comparison, the commercial Pt/C (Hispec 3000), PtRu/C and Pt-black catalysts were purchased from Alfa Aesar (Ward Hill, MA, USA). The loading amounts of various noble metals were shown in Supplementary Table S1 . The working electrodes were prepared as follows. Typically, catalyst dispersions were prepared by mixing 3 mg of the catalyst powder in 3 ml ethanol solution containing 0.05 wt% Nafion solution, followed by 10 min ultrasonication. The glassy carbon disk electrodes (5 mm diameter, 0.196 cm 2 surface area; Pine Research Instrumentation) served as the substrate and were polished to a mirror finish. Ten microliters of the catalyst suspension was pipetted onto the glassy carbon disk substrate. The resulting catalyst films were dried under flowing N 2 at room temperature. The electrochemical properties of the catalysts were tested on a VMP3 potentiostat (Bio-Logic SA, Claix, France) and rotating disk electrode (M636; Pine Research Instrumentation) using a three-electrode system consisting of a glassy carbon rotating disk electrode, a Pt wire counter electrode and a saturated calomel electrode (SCE) reference electrode. For convenience, all potentials in this study are referenced to the SCE. The working electrode was first cycled between − 0.241 and 0.959 V at a scan rate of 100 mV s − 1 for 50 times in an Ar-purged H 2 SO 4 solution (0.5 M) at room temperature until a clean electrode surface was obtained. Cyclic voltammetry (CV) measurements were also conducted by cycling the potential between − 0.241 and 0.959 V, with a sweep rate of 100 mV s − 1 . For the MOR, CVs were measured in an aqueous solution containing 0.5 M CH 3 OH and 0.5 M H 2 SO 4 at room temperature, with a sweep rate of 100 mV s − 1 . For CO stripping voltammetry, pure CO (99.99%) gas was bubbled into the solution (in a fume hood) at a position close to the working electrode for 1 s to 5 min, with the electrode polarized at − 0.191 V vs SCE. The excess CO was removed by purging with Ar for 30 min under potential control, followed by CO stripping at a scan rate of 50 mV s − 1 . Accelerated durability tests were performed in an Ar-purged 0.5 M H 2 SO 4 solutions at a sweep rate of 100 mV s − 1 for 5000 cycles. Chronoamperometry measurements were performed in a 0.5 M H 2 SO 4 and 0.5 M CH 3 OH solution after a 100-cycle CV activity in an Ar-purged 0.5 M H 2 SO 4 solution with a sweep rate of 100 mV s − 1 . The detailed procedures are as follows. The glassy carbon electrode loaded with ALD600Pt/Mo 2 C catalyst was held at 0.509 V (vs SCE) for 1.0 s to oxidize completely any adsorbates to obtain a clean surface. The potential was then stepped negatively to − 0.441 V (vs SCE) and kept for 5 s to recover the solution near electrode surface. Finally, the potential was kept at 0.359 V (vs SCE) to oxidize methanol and transient current-time (0-100 s) curve of CH 3 OH oxidation was recorded. After a 5000-cycle accelerated durability test, chronoamperometry measurements were also performed using the above procedures.
X-ray absorption spectroscopy
The Pt L 3 -edge X-ray absorption fine structure (XAFS) measurements were performed on the 06ID-1 superconducting wiggler-sourced hard X-ray microanalysis (HXMA) beamline at the Canadian Light Source with a premirrordouble-crystal monochromator-postmirror configuration using Si(1 1 1) crystals and Rh mirrors. During data collection, the Canadian Light Source 2.9 GeV ring was operated with a 250 mA injection current and the beamline wiggler running at 1.9 T. Measurements were made at room temperature in transmission mode for the Pt foil and Pt/C samples (ion chambers filled with 20% Ar and 80% He), and in fluorescence mode for the ALD system (using a 32-element Ge detector). Data acquisition was performed at 10 eV per step, 0.5 eV per step and 0.05 Å − 1 per step for the pre-edge, X-ray absorption nearedge structure (XANES) and EXAFS regions, respectively. The second crystal of the monochromator was detuned to 60% during the data collection to suppress higher harmonic components of the incident radiation. The L 3 -edge of a Pt foil reference was used for energy calibration purposes. The Pt L 3 -edge XANES as well as Pt L 3 -edge EXAFS were recorded for analysis. The software package ATHENA (version 0.8.056) was used for data reduction of the XANES spectra. WinXAS (version 3.1) was used to perform the R-space fitting for the Fouriertransformed Pt L 3 -edge spectra using scattering paths generated by FEFF (version 8.2).
STXM measurements
For STXM measurements, powder samples of the Mo 2 C nanotubes, ALD600Pt/ Mo 2 C nanotubes and commercial Pt/C catalyst were dispersed in methanol by brief sonication and then deposited onto Si 3 N 4 windows and allowed to dry in air. In addition, powder samples directly deposited onto Si 3 N 4 windows without solvent dispersion were prepared for comparison. STXM was conducted at the SM beamline of the Canadian Light Source, a 2.9 GeV third-generation synchrotron facility. The X-ray source is an APPLE II-type elliptically polarizing undulator, which can provide arbitrary polarization. Circularly polarized light was used to average-out the in-plane polarization dependence of the X-ray absorption. In STXM, the monochromatic X-ray beam is focused by a Fresnel zone plate to an~30 nm spot on the sample, and the sample is raster-scanned with synchronized detection of transmitted X-rays to generate image sequences (stacks) over a range of photon energies. Image stacks at the C K-edge and Mo L 3 -edge were acquired. STXM data were analyzed using the freeware program aXis2000 (http://unicorn.mcmaster.ca/ aXis2000.html). Spatially resolved XANES spectra for different regions of interest were extracted from the aligned image stacks using image masks. More details of the STXM experimental and data analysis procedures can be found elsewhere. 31, 32 RESULTS AND DISCUSSION Physical characterization Platinum was deposited on Mo 2 C nanotubes using ALD with MeCpPtMe 3 (Aldrich, Milwaukee, WI, USA; purity 98%) and oxygen (99.999%) as precursors, and nitrogen (99.9995%) as a purging gas. A schematic diagram describing the deposition mechanism of Pt nanoparticles using ALD on Mo 2 C nanotubes is shown in Figure 1 .
The phase purity and crystal structure of the products obtained were examined by X-ray diffraction. Supplementary Figure S1 (Supporting information) shows that the as-prepared product is orthorhombic Mo 2 C (JCPDS file no. 79-0744). The morphology and structure of the Mo 2 C nanotubes were characterized by highresolution TEM. TEM analysis of an Mo 2 C particle reveals a porous nanotube morphology containing some few nanoparticles, as shown in Supplementary Figure S2 . Supplementary Figure S3 shows the nitrogen adsorption-desorption isotherms and the corresponding BarretJoner-Halenda pore size distribution curves of the obtained Mo 2 C nanotubes. It also shows an IV-type adsorption-desorption isotherm with H4-type hysteresis, 33 a feature of mesoporous materials. The Mo 2 C nanotubes were found to have a large Brunauer-Emmett-Teller (BET) area of 90.73 m 2 g − 1 . The average pore diameter is 3.59 nm, calculated from the desorption branch of the nitrogen isotherm obtaining using the Barret-Joner-Halenda method, and the corresponding Barret-Joner-Halenda desorption cumulative volume is 0.20 cm 3 g − 1 .
The size and loading amount of Pt nanoparticles on the Mo 2 C nanotubes could be easily tuned by controlling the cycle numbers of ALD. Figures 2a and b show the bright field STEM images at different magnification of Pt nanocrystals on Mo 2 C nanotubes with 600 deposition cycles. It can be seen that Pt nanoparticles of ca. 2-6 nm in diameter were homogeneously distributed on the Mo 2 C nanotubes. 
Electrochemical performance
The electrocatalytic properties of Pt/Mo 2 C nanotubes were evaluated and compared with the commercial Pt-black, Pt/C and PtRu/C electrocatalysts. A better catalyst is typically characterized by a more negative MOR onset potential and higher methanol oxidation peak current density. The electrochemically active surface area (ECSA) of Pt was estimated by measuring the charge (Q H ) associated with hydrogen underpotential deposition (H upd ) adsorption/desorption region after double-layer correction and assuming a value of 210 μC cm 2 for the adsorption of a monolayer of hydrogen on the Pt surface. 34 The determined ECSA of the ALD600Pt/Mo 2 C nanotubes, the commercial Pt-black, Pt/C and PtRu/C catalysts are 31.52, 20.94, 77.72 and 65.51 m 2 g − 1 , respectively, as shown in Supplementary Figure S4 . The lower ECSA of the Pt/Mo 2 C nanotubes relative to the commercial Pt/C and PtRu/C catalysts may originate in part from the MoO x layer on the surface of Mo 2 C nanotubes (formed during the preparation process of the Mo 2 C nanotubes), as evidenced by electron energy loss spectroscopy analysis (Supplementary Figure S2c) . On the one hand, this MoO x layer was enhanced by the ALD process, which could have further decreased the ECSA of Pt/Mo 2 C. 35 On the other hand, the MoO x layer on the surface of Mo 2 C nanotubes favors the adsorption of OH in solution and acts as a nanostructured OH reservoir for the MOR; thus, it is able to remarkably enhance the catalytic activity. It is worthwhile to note that the benefit from MoO x is observed only when the amount of MoO x is properly maintained so that the Pt-MoO x interface is formed without causing a significant reduction in the ECSA of Pt. 35 We first examined the catalytic activities of the ALD Pt/Mo 2 C nanotube catalysts with different Pt deposition cycles, as shown in Supplementary Figure S6 . The CVs of the electrodes with different catalyst materials were tested in 0.5 M H 2 SO 4 and 0.5 M CH 3 OH solutions and the current densities were normalized to the ECSA of Pt. Analysis of these data revealed that the ALD600Pt/Mo 2 C nanotube catalyst showed the best catalytic activity among various samples studied; thus, the ALD600Pt/Mo 2 C nanotube catalyst was chosen for Figure 1 Schematic illustration of the Pt nanoparticle deposition mechanism on Mo 2 C nanotubes using atomic layer deposition (ALD).
A highly active, catalyst for methanol electro-oxidation K Zhang et al comparison with the commercial Pt-black, Pt/C and PtRu/C catalysts. As shown in Figure 3 , the ALD600Pt/Mo 2 C nanotube catalyst possesses a significantly more negative MOR onset potential (ca. − 0.15 V) than the commercial Pt-black, Pt/C and PtRu/C catalysts (ca. − 0.15 V). The negative shifts of the onset and forward scan peak potentials indicate that the ALD600Pt/Mo 2 C nanotube catalyst can markedly reduce the overpotential for methanol oxidation. Furthermore, the peak current density shows that the catalytic activity of the ALD600Pt/Mo 2 C catalyst for the MOR is higher than that of the commercial PtRu/C, Pt/C and Pt-black catalysts (2.90, 1.58 and 1.46 times, respectively), as shown in Supplementary Table S2 . It is generally understood that the anodic peak in the reverse scan to be linked to the removal of incompletely oxidized carbonaceous species accumulated on the catalyst surface during the forward anodic scan. 2, 36 CO is an intermediate species of methanol oxidation and can poison the Pt catalyst, leading to a lower fuel cell potential and energy conversion efficiency. 2 Therefore, the ratio of the forward anodic peak current density to the backward anodic peak current density (I f /I b ) can be used to indicate the CO tolerance of the catalyst. [36] [37] [38] [39] A low I f /I b value usually indicates poor oxidation of methanol to CO 2 during the forward anodic scan and excessive accumulation of residual carbon species (for example, CO) on the catalyst surface. Conversely, a higher I f /I b ratio is indicative of improved CO tolerance and increase methanol oxidation. For the ALD600Pt/Mo 2 C nanotube catalyst, a much higher I f /I b value (1.71) was observed relative to that of the commercial Pt-black (0.99), Pt/C (0.85) and PtRu/C (1.33), which suggests that methanol can be more efficiently oxidized on this catalyst during the forward scan and has a much better CO tolerance. In a control experiment, the electrocatalytic properties of Mo 2 C nanotubes with Pt nanoparticles deposited using sodium borohydride reduction were also tested. The HAADF-STEM images of the prepared catalyst are shown in Supplementary Figures S5 and S6, which reveal that the Pt nanoparticles were significantly aggregated. Although this catalyst had a higher Pt loading amount of 16.2 wt%, it showed poor catalytic activity compared with the ALD600Pt/Mo 2 C nanotubes, as shown in Supplementary Figure S7 . This demonstrates the advantage of the ALD deposition technique. Supplementary Figure S8 shows the cyclic voltammograms of the ALD600Pt/Mo 2 C nanotubes, the pristine Mo 2 C nanotubes and the commercial Pt-black catalysts in a 0.5 M H 2 SO 4 and 0.5 M CH 3 OH solution, which clearly indicates a synergistic effect between Pt and Mo 2 C and further confirmed by the later X-ray absorption fine A highly active, catalyst for methanol electro-oxidation K Zhang et al structure studies. Therefore, the enhancement of the catalytic activity of the ALD Pt/Mo 2 C nanotubes may be attributed to high dispersion of the Pt nanoparticles, the unique microstructure of Pt/Mo 2 C nanotubes and the synergetic effect of Pt nanoparticles and Mo 2 C nanotubes. The enhanced MOR activity and CO tolerance of the ALD600Pt/ Mo 2 C nanotube catalyst was further studied with CO stripping voltammetry performed as a function of CO poisoning time in 0.5 M H 2 SO 4 at room temperature. It was also compared with the commercial PtRu/C catalyst, which is state-of-the-art catalyst for use in direct methanol fuel cells. Figure 4 shows the CO stripping voltammograms for the ALD600Pt/Mo 2 C nanotube catalyst and the commercial PtRu/C catalyst. A CO oxidation peak was observed for the commercial PtRu/C catalyst around 0.60 V after purging with pure CO gas for 1 s, and the equilibrium CO coverage was reached within 5 s. However, for the ALD600Pt/Mo 2 C nanotube catalyst, CO oxidation peak appeared at about 0.62 V and the equilibrium CO coverage was reached after 2 min. This result indicates that the ALD600Pt/Mo 2 C nanotube catalyst have superior CO tolerance relative to the conventional PtRu/C catalyst.
The stability of the ALD600Pt/Mo 2 C nanotube catalyst for methanol oxidation was examined by repeating electrochemical reaction scans in a 0.5 M H 2 SO 4 /0.5 M CH 3 OH solution for 5000 cycles. As shown in Supplementary Figures S9a-S12a and Supplementary Table S2, the ECSA of the ALD600Pt/Mo 2 C nanotubes dropped by 50.70% after 5000 cycles, whereas those of the commercial Pt/C and PtRu/C catalysts were reduced by 76.30% and 74.03%, respectively. Correspondingly, the forward scan peak current density of the ALD600Pt/Mo 2 C nanotubes dropped only 39.05% after the stability test, whereas those of the commercial Pt-black, Pt/C and PtRu/C catalysts decreased 46.46%, 71.95% and 75.37%, respectively. The detailed comparison of decay rate of the catalytic activities with CV cycles for the ALD600Pt/Mo 2 C catalyst as well as the commercial Pt/C and PtRu/C catalysts is shown in Supplementary Figure S13 and Supplementary Table S3 . All of the aformentioned experiments unequivocally show that the ALD600Pt/ Mo 2 C nanotube has better durability than that of the commercial stateof-the-art Pt/C and PtRu/C catalysts.
X-ray absorption fine structure studies The interaction of the catalytically active clusters (for example, Pt nanoparticles) with the support often results in a change in the electronic properties of the atoms close to the cluster-support interface. 40 The synergistic effect between the Mo 2 C nanotubes and Pt was thus studied by X-ray absorption spectra. XANES spectroscopy A highly active, catalyst for methanol electro-oxidation K Zhang et al is a powerful technique widely used in studying the electronic and chemical structure of materials. 41, 42 Information about the valence state of the Mo and its electron configuration in the Pt/Mo 2 C can be obtained from the XANES region of the Mo L 3 -edge absorption spectra. Figure 5 shows the experimental Mo L 3 -edge XANES of the ALD Pt/Mo 2 C nanotube samples, together with the pristine Mo 2 C nanotubes and MoO 3 for comparison. Analysis indicates that MoO x is formed on the surface of Mo 2 C nanotubes and that the Pt ALD process results in intensification of the MoO x feature. This oxide layer provides a suitable site for the chemical interaction between the Mo 2 C nanotubes and Pt nanoparticles. Figure 6a shows the experimental Pt K-edge XANES of the ALD Pt/Mo 2 C nanotube sample, Pt foil and the commercial Pt/C catalyst used for comparison. It is apparent that the spectra for Pt in the ALD Pt/Mo 2 C nanotube sample closely resemble those of the Pt foil, indicating largely metallic structure. The Pt/C reference catalyst, however, exhibits relatively greater white line intensity; this result has also been observed previously in the same material, and is attributed to a significant degree of Pt oxidation. 43 The corresponding Figure 6 Pt L 3 -edge (a) X-ray absorption near-edge structure (XANES) and (b) extended X-ray absorption near-edge structure (EXAFS) spectra of the ALD600Pt/Mo 2 C catalyst and reference materials; (c) experimental and fitted EXAFS spectra. ALD, atomic layer deposition. Abbreviations: ALD, atomic layer deposition; EXAFS, extended X-ray absorption near-edge structure. Uncertainties are reported within parentheses (omission indicates a fixed value for the given parameter).
Fourier-transformed EXAFS spectra are also presented for comparison in Figure 6b . Qualitatively, peaks due to Pt-C/O and Pt-Pt/Mo scattering paths were observed near 1.6 and 2.7 Å, respectively, which also shows chemical interaction between the Mo 2 C nanotubes and Pt nanoparticles. To obtain more quantitative information regarding local structure, EXAFS fitting of the data was performed. Parameters obtained from the aforementioned fits are presented in Table 1 . In addition to the metallic Pt-Pt bonds expected for the Pt nanoparticles, peaks indicative of Pt bonding with C, O and Mo were observed. Based on the structure of the catalysts, these peaks were attributed to strong interactions between Pt and the Mo 2 C nanotube support materials, which unveils the origin of synergistic electrochemical activity of Pt nanoparticles/Mo 2 C nanotube catalyst. As is often in the case in EXAFS analyses, C and O could not be distinguished from one another in these fits because of their very similar atomic sizes and scattering properties; thus, they were included in a single scattering path (labeled Pt-C/O). The lower Pt-Pt coordination number (CN) in the ALD600Pt/Mo 2 C sample relative to the Pt foil is because of an increased proportion of surface Pt sites due to their nanoscale size. The Pt-Pt CN of the Pt/C catalyst, however, is anomalously low compared with values reported elsewhere in the literatures, 43, 44 and does not make sense for metallic Pt nanoparticles. It is possible that a significant amount of Pt either remained unreduced during formation of the Pt/C catalyst or was subsequently reoxidized postsynthesis; this interpretation is also supported by the greater white line intensity of the Pt/C sample, which, as discussed previously, is indicative of Pt oxidation. The significantly enhanced catalytic activity of the ALD Pt/Mo 2 C nanotube sample could thus be explained at least in part by its relatively greater content of metallic Pt.
STXM using a nanoscale-focused soft X-ray beam provides excellent information regarding both chemical speciation and electronic structure, while also allowing for microscopic examination of individual nanomaterials. 31, 32 STXM was thus used to investigate the chemical, electronic and structural nature of Pt nanocrystals deposited on Mo 2 C nanotubes via spatially resolved XANES spectroscopy and chemical imaging. Figures 7 and 8 present STXM characterization of bare ALD600Pt/Mo 2 C, and methanol-adsorbed ALD600Pt/Mo 2 C and Mo 2 C after dispersion in (and deposition from) methanol, at the C K-edge and Mo L 3 -edge, respectively. For the C K-edge spectra, due to the low penetration depth of soft X-rays, well-separated individual particles were sampled. The C K-edge absorption, or optical density (OD), images of the samples are shown in Figures 7a-c , and depict similar tube morphologies among the samples. The STXM spatial resolution is not sufficient to resolve individual Pt nanoparticles on the tubes, but spatially resolved XANES extracted from the individual tubes are able to deliver detailed chemical and electronic structural information, as shown in Figure 7d . First, the C K-edge of Pt/Mo 2 C shows elevated intensity relative to Mo 2 C due to Pt N-edge absorption, which supports the presence of Pt on the Mo 2 C tubes as well as a chemical interaction between the Mo 2 C nanotubes and Pt nanoparticles. Second, the C K-edge jumps (the OD difference between 280 and 320 eV, which is proportional to carbonaceous material thickness) of 0.42 and 0.58 OD for Pt/Mo 2 C (green line) and Mo 2 C nanotubes (blue line), respectively, are nearly double that of the bare Pt/Mo 2 C (0.26 OD) (red line), demonstrating a strong affinity for methanol A highly active, catalyst for methanol electro-oxidation K Zhang et al adsorption. Furthermore, bare Pt/Mo 2 C comprised of a significant amount of sp 2 carbon (good for electronic conductivity, and indicated by π* C = C at 285.5 eV) and carbide (at~287.7 eV). 45 After methanol adsorption, Pt/Mo 2 C shows significantly enhanced intensity in the carbide region owing to contributions of the σ* C-H (287.4 eV) from physically adsorbed methanol; 46 the maximum intensity also up-shifts to 288.2 eV, suggesting a chemical adsorption of methanol onto Pt and formation of carbonyl-like groups or structures. 46 The adsorption of a methanol molecule is important step for MOR. As for Mo 2 C, the enhanced intensity is still near the carbide region, suggesting a primarily physical adsorption of methanol on pure Mo 2 C. Although subtle, the above spectroscopic differences clearly illustrate the important role of Pt in the composite catalyst.
Owing to greater depth penetration of higher-energy X-rays at the Mo L 3 -edge, more concentrated samples were required to achieve data with sufficient signal/noise ratio. The OD images of the samples at the Mo L 3 -edge shown in Figures 8a-c reveal uniform Pt/Mo 2 C and Mo 2 C nanotubes, with a few of those being more heavily coated with Pt (indicated by white arrows in Figures 8a and b) , as confirmed by strong X-ray absorption due to the Pt M-edge. The local XANES spectroscopy from a collection of individual nanotubes was extracted from the STXM Mo L 3 -edge stacks, as shown in Figure 8d . As in Figure 5 , a chemical shift to higher energy from Mo 2 C to Pt/Mo 2 C is indicated, although apparently not due to methanol; this is consistent with the above conclusion that MoO x was formed on the surface of Mo 2 C during Pt deposition.
With regard to the mechanism of methanol electro-oxidation, it is generally believed that the reaction proceeds via several steps, wherein the first step (the adsorption of a methanol molecule) is immediately followed by dissociation of the molecule into several adsorbed species. 9, 47 For conventional MOR catalysts, the function of Pt-Ru for catalytic methanol oxidation is commonly described via a 'bifunctional mechanism'. The dissociative chemisorption of methanol is accomplished on platinum, whereas an oxyhydroxide forms on ruthenium and is responsible for the oxidation of the carbonaceous adsorbate (for example, methanol) to CO 2 . 5, 6 In this work, the Pt nanoparticles/Mo 2 C nanotube catalyst outperforms the commercial Pt/C and PtRu/C catalysts even with a lower platinum loading, which can be attributed to several key reasons. First, the Pt nanoparticles on Mo 2 C nanotubes synthesized via the controlled ALD process were dispersed and exhibited smaller particle sizes relative to the commercial Pt/C catalyst. Second, Mo 2 C has a higher affinity for the methanol reactant than Pt/C (as revealed by STXM results) and has been demonstrated via EXAFS fitting analysis to interact strongly with the Pt nanoparticles. Third, in the presence of platinum, Mo 2 C nanotubes may have an active role in the electrochemical MOR, as reported by Shropshire 48 and Kita et al. 11 The formation of hydroxyl groups from water activation is essential for the removal of CO poisoning from the surface; this role, played by ruthenium in the conventional PtRu/C catalysts, can also be filled by Mo 2 C. The MoO x layer on the surface of Mo 2 C nanotubes favours the adsorption of OH in solution and acts as a nanostructured OH reservoir for the MOR. Thus, the Mo 2 C nanotube-based catalysts A highly active, catalyst for methanol electro-oxidation K Zhang et al exhibit enhanced CO tolerance. Fourth, one-dimensional Mo 2 C nanotube mitigates the oxidation and aggregation of Pt nanoparticles compared with the commercial Pt/C catalyst. Thus, the Pt nanoparticles/Mo 2 C nanotube catalyst demonstrates improved durability. Last, the unique structural features of these Mo 2 C nanotube-based catalysts, which consist of nano-sized crystallites with a large active surface area, greatly facilitate the interfacial electrochemical reaction of methanol and contribute to the high catalytic activity.
CONCLUSIONS
In conclusion, we have demonstrated that Pt nanoparticles deposited onto Mo 2 C nanotubes via an ALD technique constitute a synergistic catalyst for use in the methanol electro-oxidation reaction. This catalyst showed much higher catalytic activity for methanol oxidation and superior CO tolerance compared with that of a conventional Pt/C catalyst. XANES and EXAFS spectroscopy and STXM analysis clearly support a strong chemical interaction between the Pt nanoparticles and Mo 2 C nanotubes. This design not only minimizes the required Pt usage in MOR catalysts but also enhances their CO tolerance, and thus improves their durability. These results indicate a promising strategy for the design of highly active next-generation catalysts.
